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ABSTRACT 

Electrical consumption by heating and cooling systems has been increasing rapidly, as 

a result of abnormal atmospheric temperature changes, and this increase has caused a 

national-level blackout in South Korea. By coupling a thermally activated building 

system (TABS) to the HVAC system of an office building, the peak load can be 

shifted because of the time-lag caused by the high thermal inertia of a concrete slab; 

thus, the discrepancies between energy demand and energy supply can be reduced. In 

addition, TABSs can be integrated with low-temperature heating and 

high-temperature cooling sources (e.g., renewable energy and unused energy sources) 

to increase a building’s energy efficiency. Recently, TABSs with phase-change 

materials (PCMs) were studied to decrease heating and cooling energy consumption 

in buildings and reduce CO2 emissions. However, in Asia, TABSs are not as common 

as in Europe and the USA because of the weather conditions and cultural and 

technical differences. In particular, because South Korea is hot and humid in the 

summer, TABSs are necessary to prevent surface condensation problems. The aim of 

this study is to analyze the thermal performance of TABSs using PCMs. The 

simulation program BISTRA, a thermal analysis program for transient heat transfer in 

two-dimensional free-form objects, was used to evaluate thermal output and thermal 

storage according to various TABS designs with PCMs. Consequently, we have 

prepared a design guide for TABSs that use PCMs. 
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INTRODUCTION  

A thermally activated building system (TABS) is embedded in a water-based heating 

and cooling system that uses the high thermal inertia of concrete in buildings where 

heating or cooling pipes are embedded (Olesen 2001). In buildings that utilize TABSs, 
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the peak electrical energy load can be reduced because of the time-lag effect of 

concrete’s high thermal inertia, and some of the cooling load can be transferred 

beyond the time of occupancy. This mitigates numerous problems, such as major 

national blackouts, because of the rapid increase in electrical consumption required by 

heating and cooling systems (Tae and Shin 2009). TABSs have distinct advantages 

compared with other radiant systems. First, TABSs can work in conjunction with 

heating/cooling systems near room temperature, which increases the energy efficiency 

of heat pumps, condensation boilers, solar collectors, and ground heat exchangers. 

Second, because TABSs avoid suspended ceilings, in contrast to full air-conditioning 

systems, the building height can be reduced, which results in a significant reduction in 

building materials. 

Recently, hollow core slab systems have been studied because this structural system 

relates, in general, to prefabricated building components that use less concrete, which 

is important for sustainability. Using hollow core slabs, thermal storage is reduced. 

Phase-change Materials (PCMs) can play an important role in reducing the heating 

and cooling load in buildings by utilizing their high storage density and latent heat 

capacity. A PCM changes its phase depending on the temperature and this phase 

transition temperature varies according to the type of PCM. The phase change 

temperature is the most significant factor affecting the heating and cooling load 

because the energy is absorbed or released at the solid-liquid or liquid-solid transition 

temperature. If hollow core slabs were applied by PCMs, thermal storage reductions 

could be complemented.  

Also, designs of TABSs are important to consider comfort issues, which are indoor 

ceiling condensation in cooling and discomfort ceiling surface temperature in heating. 

The aim of this study is to analyze the thermal performance of TABSs that use PCMs. 

For this purpose, the simulation program BISTRA was used to evaluate thermal 

output and thermal storage according to various TABS designs using various PCMs 

and SSPCM-to-concrete ratios.  

 

PCMS FOR BUILDING MATERIALS 

PCMs are known to melt with a latent heat of fusion in a unique temperature range. 

They can store 5- to 14-times more heat per unit volume than can sensible heat 

storage materials, such as water, masonry, or rock. PCMs are categorized as organic, 

inorganic and eutectic materials based on the melting temperature and latent heat of 

fusion. Among the investigated PCMs, paraffins, which are classified as organic 

materials, have been widely used for latent heat storage applications because of their 

large latent heat and appropriate thermal characteristics, including little or no super 

cooling, low vapor pressure, good thermal and chemical stability, and self-nucleating 

behavior (Kim et al. 2014).  

PCMs for building applications require latent energy storage equipment, which can 

have various shapes, such as shells and tubes, to encapsulate them. Such equipment is 

necessary because PCMs applied in buildings change state from solid to liquid or vice 
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versa, depending on the ambient temperature. While the use of a storage device solves 

the problem of PCM leakage during phase transitions, it leads to an increase in not 

only the thermal resistance but also the cost of the system. A solution to these 

problems is the use of shape-stabilized PCMs (SSPCMs), which are composed of 

PCMs and supporting material. The supporting material must be chosen appropriately 

for the type of PCM used. For example, if a paraffin-based PCM is used, the 

supporting material should have a similar skeleton, such as high-density polyethylene 

(HDPE), polypropylene (PP), or styrene–butadiene–styrene (SBS). If the ambient air 

temperature is below the melting point of the supporting material, the SSPCM can 

maintain its shape even when the paraffin changes phase. (Seong and Lim 2013) In 

this paper, two types of paraffin-based materials, hexadecane and octadecane, and 

various ratios of SSPCMs to concrete were selected. 

 

PHYSICAL PROPERTIES OF PCMS AND SSPCM CONCRETES 

Two types of paraffin-based materials, hexadecane and octadecane, were selected to 

serve as the PCM that is contained in the supporting material. The octadecane 

exfoliated graphite nanoplate (xGnP) shape-stabilized PCM (SSPCM) was prepared 

by impregnating octadecane as the PCM into xGnP in a vucumn. Fourier transfer 

infrared spectroscopy determined that the heat storage characteristics of octadecane 

could integrate into the structure of xGnP due to its physical bonding, without a 

change in its chemical properties (Kim et al. 2014).  

The melting temperature and heat capacity of each PCM and SSPCM were measured 

using a DSC (Differential Scanning Calorimeter) instrument (DSC Q 1000, TA 

instrument, USA). DSC measurements were performed with a 5°C/min heating rate in 

the temperature range of 0-80°C. The melting temperature was measured by drawing 

a line at the point of the maximum slope on the leading edge of the peak and 

extrapolating to the base line. The total latent heat of the PCM was determined by 

numerical integration of the area under the peaks that represent the solid-solid and 

solid-liquid phase transition. 

The thermal conductivity was measured using a TCi thermal conductivity analyzer. 

The TCi, developed by C-Therm Technologies Ltd., is a device used for conveniently 

measuring the thermal conductivity of a small sample using the Modified Transient 

Plane Source (MTPS) method. In contrast to other devices, the TCi can measure the 

thermal conductivity of materials in solid, liquid, powder, and mixed states. The TCi 

consists of a sensor, a power control device, and computer software. A spiral-type 

heating source is located at the center of the sensor, and heat is generated at the center. 

The generated heat enters the material through the sensor, at which point a rapid 

voltage decrease occurs at the heating source; the thermal conductivity is calculated 

using the data obtained during the voltage decrease. 

Table 1 shows the overall properties of hexadecane and octadecane PCMs and 

SSPCM-to-concrete ratios of 10, 20, and 30%, which were measured as described 

above (Kim et al. 2014). 
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Table 1. Physical properties of PCMs and various SSPCM to concrete ratios 

 Hexadecane 

(PCM) 

Octadecane 

(PCM) 

Concrete with 

10 wt% of 

SSPCM 

Concrete with 

20 wt% of 

SSPCM 

Concrete with 

30 wt% of 

SSPCM 

Melting Point 

(℃) 
20 29 - - - 

Conductivity 

(W/m K) 
0.39 0.26 1.97 1.69 1.60 

Density (kg/m3) 777 777 2210 2050 2000 

 

SIMULATION METHODS  

To determine the thermal capacity of a TABS, data concerning the thermal output and 

storage effect of the TABS according to the supply water temperature and supply 

water flow rate are needed. In the simulated cases, the supply water flow rate is 

constant, and the thermal output of the TABS is controlled by the supply water 

temperature.  

We consider a prototype of a TABS and a hollow-core TABS applied using PCMs. 

TABSs and hollow core TABSs are commonly applied after the analysis of structure 

and construction. Various parameters concerning PCMs and SSPCM-to-concrete 

ratios of the TABS prototype are described below. A double pipe within the PCMs, 

which are composed of octadecane and hexadecane, is a macro encapsulation type. 

Varying the SSPCM-to-concrete ratio is used to overcome the PCM problems. 

Combining a double pipe within the PCMs with various SSPCM-to-concrete ratios is 

a more effective design method for solving thermal storage issues (Figure 1).  

 
Figure 1. Various parameters of TABSs applied using PCMs and SSPCMs 

 

For this purpose, the simulation program BISTRA ver. 3.1, which is a thermal 

analysis program for transient heat transfer in two-dimensional free-form objects, was 

used to evaluate the thermal output and thermal storage of various TABS designs 

using different PCMs and varying SSPCM-to-concrete ratios (Table 2). 

The models consist of 1 x 0.21 m (height) concrete slabs and hollow-core slabs, 
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which are a double pipe form using various PCMs and various SSPCM-to-concrete 

ratios. The top and bottom of the slab are assumed to be indoor environments; the 

indoor temperatures are assumed to be 20℃ in winter and 26℃ in summer. The 

value on the top and bottom surface of the slab is 11.63 W/m
2
K for heating and 

cooling, which is based on the domestic standard (Building Energy Saving Criteria). 

With these assumptions, heat transfer coefficient values for constant water flow 

through pipes were simulated for 8 hours. After 8 hours of the water flow schedule, 

the thermal storage effect durations were analyzed. The simulation material input data 

were based on the domestic standard and on the ASHRAE Handbook Fundamentals 

2009. The operating simulation schedule and thermal storage durations are provided 

in Figure 2.  

 

Table 2. TABS components and materials in BISTRA simulation 
 Conductivity 

(W/mK) 

Density 

(kg/m
3
) 

Specific heat 

(J/kgK) 

Concrete 1.7 2300.0 930.0 

PE-X Pipe  0.41 1200.0 1470.0 

Hollow core structure 0.043 15.0 1300.0 

 

Temperature (℃) 

Heat transfer 

coefficients in pipe 

(W/m
2
K) 

Operating Schedule 

Cooling Heating Cooling Heating 

Total 

simulation 

durations 

Cooling 

and 

Heating 

durations 

Water flow 20 30 801.8 894.3 24 hours 8 hours 

 

 

Figure 2. Descriptions of simulation operating schedule and thermal storage 

durations 

 

SIMULATION RESULTS  

Various parameters of TABSs and hollow core structural TABSs were simulated. We 

discuss each parameter of the simulation results below.   

1. Size of double pipe: All Φ40 mm double pipes had slightly longer thermal storage 

durations compared to the Φ30 mm double pipes. The Φ30 mm double pipes in the 

PCM models were more effective than the Φ40 mm double pipes. (The difference is 

shown in Figure 3 (a) and Figure 3 (b).) 

2. Double pipe in PCMs: All double pipes in the octadecane PCM had longer thermal 
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storage durations compared to all double pipes in the hexadecane PCM because the 

concrete slab temperature around the double pipe met the temperature-specific heat 

curve of octadecane. (The difference is shown in Figure 3 (c) and Figure 3 (d),) 

3. Various SSPCM-to-concrete ratios: Models including concrete replaced with 30 

wt% SSPCMs had longer thermal storage durations compared to those using 10 and 

20 wt% SSPCMs.  

4. Combined PCMs with SSPCMs: Models including a combination of hexadecane 

PCM with 30 wt% SSPCM concrete exhibited higher thermal output compared to 

those combining octadecane PCM with various SSPCM-to-concrete ratios. (The 

difference is shown in Figure 3 (e) and Figure 3 (f).) 

Table 3. Simulation results of various TABS models 

Octa

-decane

Hexa

-decane
10% 20% 30%

Thermal

Storage

Duration

(min)

Thermal

output

(W/㎡)

Minimum

Tempera-

ture(℃)

Thermal

Storage

Duration

(min)

Thermal

output

(W/㎡)

Minimum

Tempera-

ture(℃)

√ c1_w 71 6.7 21.29 77 11.2 27.85

√ c1_sp10 61 6.8 21.22 63 11.4 27.97

√ c1_sp20 63 6.7 21.29 66 11.2 27.85

√ c1_sp30 65 6.7 21.32 68 11.1 27.8

√ c2_octa 69 6.0 21.84 75 9.9 26.94

√ c2_hexa 68 6.2 21.67 74 10.4 27.22

√ √ c2_octa_sp10 64 6.0 21.79 66 10.0 27.01

√ √ c2_octa_sp20 67 6.0 21.84 69 9.9 26.94

√ √ c2_octa_sp30 69 5.9 21.86 71 9.9 26.91

√ √ c2_hexa_sp10 63 6.3 21.62 66 10.5 27.3

√ √ c2_hexa_sp20 66 6.2 21.67 68 10.3 27.21

√ √ c2_hexa_sp30 68 6.2 21.69 71 10.3 27.18

√ c3_octa 71 5.5 22.19 77 9.1 26.36

√ c3_hexa 70 5.9 21.91 77 9.8 26.81

√ √ c3_octa_sp10 65 5.5 22.15 67 9.2 26.41

√ √ c3_octa_sp20 68 5.5 22.19 70 9.1 26.35

√ √ c3_octa_sp30 71 5.5 22.2 72 9.1 26.33

√ √ c3_hexa_sp10 65 5.9 21.87 69 9.9 26.88

√ √ c3_hexa_sp20 68 5.9 21.91 71 9.8 26.81

√ √ c3_hexa_sp30 70 5.9 21.93 73 9.8 26.79

√ c4_w 64 6.3 21.65 70 10.5 27.25

√ c4_sp10 61 6.4 21.56 63 10.7 27.4

√ c4_sp20 62 6.3 21.65 65 10.5 27.25

√ c4_sp30 64 6.3 21.68 67 10.4 27.19

√ c5_octa 66 5.8 22.03 71 9.6 26.62

√ c5_hexa 65 6.0 21.88 71 10.0 26.87

√ √ c5_octa_sp10 62 5.9 21.97 64 9.8 26.72

√ √ c5_octa_sp20 64 5.8 22.03 65 9.6 26.62

√ √ c5_octa_sp30 66 5.8 22.05 67 9.6 26.59

√ √ c5_hexa_sp10 62 6.1 21.82 64 10.1 26.97

√ √ c5_hexa_sp20 64 6.0 21.88 66 10.0 26.87

√ √ c5_hexa_sp30 65 6.0 21.9 67 10.0 26.83

√ c6_octa 68 5.4 22.27 72 9.1 26.21

√ c6_hexa 69 5.8 22.02 73 9.7 26.63

√ √ c6_octa_sp10 63 5.5 22.23 65 9.1 26.28

√ √ c6_octa_sp20 65 5.4 22.27 66 9.1 26.21

√ √ c6_octa_sp30 67 5.4 22.29 68 9.0 26.19

√ √ c6_hexa_sp10 63 5.9 21.98 66 9.8 26.7

√ √ c6_hexa_sp20 65 5.8 22.02 68 9.7 26.63

√ √ c6_hexa_sp30 67 5.8 22.04 69 9.6 26.6

Case6:

Hollow core structure

TABS+double pipe Φ40

Case1: TABS

Cooling 20℃/8hours Heating 30℃/8hours

Code Name

Case4:

Hollow core structure TABS

Case5:

Hollow core structure

TABS+double pipe Φ30

Case2:

TABS+double pipe Φ30

Case3:

TABS+double pipe Φ40

Without

PCM

PCM SSPCM Concrete contents

 

 

5. Proper TABS and hollow core structural TABS guidelines: When the thermal 

output of TABSs for heating is determined, comfort issues should dictate the 

acceptable surface temperature of a ceiling. REHVA recommends that the maximum 

acceptable surface temperature during heating is 27℃. Additionally, when the thermal 

output of a TABS for cooling is determined, the risk of condensation is important to 

consider. The dew point temperature for indoor ceilings is lower than 19.5℃. The 

proper design guidelines, except for cooling condensation and uncomfortable heating 
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ceiling surface temperature conditions, are shown with a grey hatch in Table 3.  

 

CONCLUSION AND IMPLICATIONS 

This research developed design guidelines for and provided simulations using 

BISTRA (a thermal analysis program for transient heat transfer in two-dimensional 

free-form objects) of various TABSs using PCMs. Design guidelines for various 

TABSs using PCMs are shown for thermal output, thermal storage durations and 

ceiling surface temperatures in Table 3. The main conclusions are as follows:  

It is necessary to consider physical design parameters, including the size of the double 

pipe and the thermal design parameters, which were analyzed using proper PCMs, 

various SSPCM-to-concrete ratios and PCMs combined with various 

SSPCM-to-concrete ratios. Using TABSs with PCMs and various SSPCM-to-concrete 

ratios, we consider the physical design parameters for the macro encapsulated type, 

thermal design parameters of proper temperature-specific heat curves, and the heat 

capacity of PCMs and SSPCM concrete.  

Additionally, it is important to consider comfort issues, including indoor ceiling 

condensation with cooling and uncomfortable ceiling surface temperature with 

heating.  

Subsequently, we analyzed the parameters of a water flow operating schedule and 

various water temperatures for cooling and heating. Then, we suggested design 

guidelines for TABSs with various PCMs and SSPCM-to-concrete ratios.    

 

Size of 

double 

pipe 

(min 20℃, 

max 30℃) 

  

 

(a) after 9 hours in heating: c2_hexa (b) after 9 hours in heating: c3_hexa 

Double 

pipe in 

PCMs 

(min 20℃, 

max 30℃) 

  

(c) after 9 hours in heating: c5_hexa (d) after 9 hours in heating: c5_octa 

Combined 

PCMs 

with 

SSPCMs 
(min 20℃, 

max 30℃) 

  

(e) after 9 hours in heating: c2_hexa_sp30 (f) after 9 hours in heating: c2_octa_sp30 

Figure 3. Results of various parameters according to temperature difference   
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